ABSTRACT Different structures for three categories of the TM 01 -TE 11 mode converters; i.e., dielectric loaded-based, metallic septum-based, and mode converter with intermediate modes; are proposed and investigated for the aim of wider operational bandwidth. The principles of operation of all mode converters are explained in detail. Thanks to 3D printing capabilities, the design can be very flexible and the optimal results are achieved using more complicated structures in an easy and realizable fabrication process. The simulation and measurement results of the proposed TM 01 -TE 11 mode converters, including reflection coefficients and radiation patterns, show great conversion efficiency and wideband performances with fractional bandwidths up to 20.8%.
I. INTRODUCTION
High power microwave (HPM) systems which are the technology that generates new applications and provides new methods to current applications emerged many years ago [1] . They essentially contain a HPM source as a feed, a waveguide mode converter to produce a desired output mode for propagation, and an antenna to radiate the microwave power in free space. HPM sources normally generate axially symmetric modes such as the transverse electromagnetic (TEM) mode or the TM 01 circular waveguide mode [2] . These modes produce a doughnut-shaped far-filed radiation pattern with a null at boresight if they directly radiate from an open-ended waveguide or a horn antenna [3] . In many applications, different mode converters are used to transform the TEM or TM 01 modes into TE 11 mode, which produces an efficient Gaussian-like radiation with a maximum along the propagation axis [4] . However, due to the fabrication limitations, there is not much flexibility on the structure of mode converters to design them for higher performance.
Several mode converter structures have been proposed in literature which convert an undesired mode to a desired one [5] - [8] . Among them, TEM-TE 11 and TM 01 -TE 11 mode converters have been of interest for many researchers to
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transform radial electromagnetic modes to the mode with a definite polarization and converged radiation pattern [9] . A dual-bend circular waveguide is a conventional structure for TM 01 -TE 11 mode converters [10] . Although analytical methods are proposed for these mode converters, unaligned input and output ports and bulky structure make them expensive and hard to realize [5] , [11] . Therefore, mode converters with linear axis are more preferable such as a cross-shaped TM 01 -TE 11 mode converter [12] , mode converters using intermediate modes [13] , [14] , dielectric loaded based mode converters [15] , and metallic septum based mode converters [16] . The cross-shaped mode converter is not easy to fabricate, and its power-handling efficiency is not sufficient [9] similar to linear TEM-TE 11 mode converters. Many mode converter structures use intermediate modes such as the TEM mode [17] , [18] for the TM 01 -TE 11 mode conversion to increase the maximum conversion efficiency or the conversion efficiency bandwidth. Creating a 180 • phase shift in half of the TM 01 pattern using different shapes of a dielectric material is another method of TM 01 to TE 11 conversion [19] , [20] . An integration of dielectric loading and correcting phase lens in a horn aperture resulted in a stepped lens that converts the TM 01 mode to the circular polarized TE 11 mode reported in [21] . Metallic septums are also used to gradually shape the TM 01 mode and convert it to TE 11 with an optimum length [16] . Although many works have been done on TM 01 -TE 11 mode converters, the fabrication restrictions always have been an issue. Furthermore, the mode converters are designed so as to be realizable and cost effective. As a result, in many cases, the conversion efficiency bandwidth is limited [17] .
For fabrication of complicated systems that conventional techniques are infeasible or expensive, 3D printing seems to be a promising method [22] - [26] . Additionally, the integration of devices into systems, which may be infeasible using other methods, can be met by using 3D printing technology. In this work, the 3D printing fabrication method makes design of mode converters easily realizable with more freedom on designing the structure's shapes. A design with less constraints allows the designer to propose mode converter structures with more conversion efficiency or bandwidth. Additionally, this production procedure is easier and more cost effective with respect to the other conventional methods.
In this paper, three categories of wideband TM 01 -TE 11 mode converters are proposed and 3D printed including dielectric-loaded based, metallic septum based, and intermediate modes utilized. The configurations of the proposed mode converters along with their principles of operation are explained in detail. They are designed and 3D printed for X band applications. The results show that a fractional bandwidth up to 20.8% is obtained for the proposed mode converters. The reflection coefficient and radiation patterns, from both simulation and measurement, demonstrate the reliability of proposed design and fabrication methods.
II. DESIGN AND ANALYSIS
In this work, we have designed and 3D printed all monocone feeder which produces TM 01 mode excitation, circular waveguides, and different mode converters which convert TM 01 to TE 11 mode in X-band. Since we have designed different types of mode converters which have different mechanisms of operation, we study them individually.
A. DIELECTRIC-LOADED MODE CONVERTERS
The TM 01 mode has a radial electric field distribution in the circular waveguide. Hence, the upper and lower half cylinders are out of phase which produces a null at the broadside. However, in the TE 11 mode, the upper and lower half cylinders are in-phase which create a constructive radiation at broadside in an open-ended waveguide propagation. In dielectric-loaded mode converters, by using two different materials at upper and lower half cylinder and a thin layer of a metallic sheet to separate them, one can create the required an 180 • phase shift and convert the TM 01 mode to TE 11 mode. However, the dielectric constant and the geometry of the material determine the conversion efficiency, the length of the structure and the operational frequency bandwidth (which is defined as the frequency range within which the conversion efficiency remains within 10% range from its maximum possible value).
Conventionally, if a half of the cylinder is entirely filled with a dielectric material homogeneously, and the other half remains empty, a TM 01 -TE 11 is made. In this case, if the dielectric constant of the used material is very low, the operational frequency bandwidth of mode converter is higher; however, the structure is lengthy. On the other hand, if the dielectric constant of the material is high, the bandwidth of mode converter is lower since the reflection increases; however, the structures' size reduces. For a certain material with a certain dielectric constant, to increase the bandwidth, partially filled structures can be used. Fig. 1 shows two structures of partially dielectric-loaded mode converters that can increase the operational frequency bandwidth. The structures consisted of 3 dielectric slabs (radially and flat) with a 60 • angle respect to each other and a flat thin metallic isolator between the upper and lower half cylinders. The metallic isolator length is equal to the dielectric slab. The mode converters are designed for the X-band. To design the structure at the center frequency of 10 GHz, the radius of the waveguide is selected to be 13.3 mm to have the cut-off frequencies of TE 11 and TM 01 at 8.75 GHz and 11 GHz, respectively, as shown in Fig. 1(d) and therefore support only TE 11 (desired) and TM 01 (excitation) modes from 8.75 to 11 GHz.
The Markforged 3D printer which uses Nylon as a filament material is used in this work. We have characterized the printed Nylon filament to extract its dielectric constant and loss tangent using two back-to-back WR90 waveguides. The Nylon which is used has the dielectric constant and loss tangent of 2.8 and 0.03 respectively at the frequencies around 10 GHz. For a certain value of T or θ in the mode converters shown in Fig. 1 , the length L is such that the 180 • phase shift VOLUME 7, 2019 is made between the upper and lower sections. This can be expressed by:
where β d and β 0 are the effective propagation constant of partially dielectric-loaded and the propagation constant of air, respectively, at the desired frequency. The odd multiple of the length (i.e. 3L, 5L, . . .) also makes an 180 • phase shift; however, those lengths make the structure lengthy and create more loss.
FIGURE 2.
Simulated conversion efficiency of the radially and flat dielectric slab mode converters for different θ and T (The unit for L and T is millimeter and the unit for θ is degree).
Fig . 2 demonstrates the effect of θ and T on the bandwidth, and maximum value of the conversion efficiency in the radial and flat dielectric slab mode converters, respectively. For different values of length L, the best θ in the RDS case and the best T in the FDS case are achieved for maximum conversion efficiency around 10 GHz using ANSYS HFSS. As shown, for the shortest length L = 19 mm, in both mode converters, the dielectric slab is more voluminous (higher θ and T); however, the conversion operational bandwidth is significantly lower. Also, for L = 19 mm, the RDS mode converter has a wider bandwidth with higher efficiency compared to FDS mode converter. As the length of dielectric slab increases which results in lower θ and T, a higher operational bandwidth can be achieved. The reason is having a lower reflection due to lower perturbation and discontinuity in the dielectric-filled medium. Finally, for the large length of L = 61 mm, the maximum conversion efficiency and bandwidth are extremely high for both converters. However, in this case, again the performance of RDS mode converter is better than FDS mode converter. The maximum achievable conversion efficiency cannot exceed 86% as shown in Fig. 2 since the utilized Nylon has a loss tangent of 0.03 around 10 GHz. If we use better materials such as Teflon with a loss tangent lower than 0.001, the maximum conversion efficiency would be more than 98%. However, those materials need specialized printer which we do not have access to. Although the conversion to TE 11 mode at the output is done with a good efficiency in a wide bandwidth when an input TM 01 mode is excited, it is interesting to find out to what extend the reflected TM 01 and TE 11 modes at the input, transmitted TM 01 mode at the output, and the reflected/transmitted TE 21 mode create loss in the system. Fig. 3 shows different mode conversions of the FDS and RDS converters for four cases listed in Table 1 . As shown, for a short length of L = 19 mm (Case #2), there is a high reflection of TM 01 mode (high η 1:TM 01 ,1:TM 01 ) and high transmission of TM 01 mode (high η 2:TM 01 ,1:TM 01 ). Therefore, the conversion efficiency (η 2:TE11,1:TM 01 ) of case #2 is not so high and its operational bandwidth is limited. For the RDS mode converter with large length L = 61 mm (case #3), we still have a good conversion efficiency compared to other cases listed in Table 1 due to mainly having a low η 2:TM 01 ,1:TM 01 at higher frequencies. For this case, a bandwidth of 20.8% is achieved from 9.27 GHz to 11.42 GHz. According to Fig. 3(c) , it is obvious that the cut-off of the TE21 mode is at 11 GHz. In conventional dielectric filled structures due to a high sudden discontinuity, the performance of the mode converter decreases. However, with a smooth transition, a better efficiency over a wider bandwidth can be achieved. Based on this assumption, we propose a half cone-shaped dielectric-loaded (HCDL) mode converter in Fig. 4 . To make the transition smooth, the dielectric material fills the space between two half cone-shaped structures. A thin metallic sheet separates the upper and lower half cylinders. The designed conventional and HCDL mode converters are studied as cases #5 and #6 respectively listed in Table 2 and their dimensions are labeled in Fig. 4 . , and η 1:TE 21 ,1:TM 01 .
Fig . 5 shows the performance of the conventional and HCDL mode converters. As shown, the bandwidth of the conventional structure is 11.6% from 9.9 GHz to 11.12 GHz. Although the HCDL structure is lengthy compared to the conventional one, it increases the bandwidth to 20.4% that is from 9.25 GHz to 11.35 GHz. The maximum efficiency of the conventional and HCDL mode converters are 0.84% and 87% respectively. Fig. 5(b) demonstrates that the conversion of the TM 01 to TE 11 modes in the conventional structure is not appropriate at frequencies away from the center frequency due to high transmission of TM 01 mode at the output. VOLUME 7, 2019 However, the conversion of the modes happens efficiently in the proposed HCDL mode converter.
B. METALLIC SEPTUM BASED MODE CONVERTERS
A metallic full thin septum placed in the center of a circular waveguide can convert the TM 01 mode to TE 11 mode [16] . The upper edge of the septum is linearly tapered downward as shown in Fig. 6(a) . The parameters T, L 1 , and L 2 can be selected in a way to maximize the conversion efficiency. Since it is a full septum with a height equal to the diameter of the circular waveguide, it will be stable when it is assembled into the circular waveguide. The existence of a full septum increases the reflection because it distorts the field distribution a lot. Additionally, a relatively high portion of TM 01 is transmitted to the output due to the large height of the septum. The proposed septum is tapered upward toward the center of the circular waveguide and then downward toward the lower wall of the waveguide with the length of L 1 and L 2 , respectively, in the direction of the propagation. It should be noted that at the output, we have a TE 11X mode which is a TE 11 mode in the X direction (the direction of the half septum).
Each mode converters were optimized to obtain the maximum conversion efficiency. The optimum values for the metallic full septum and the proposed THS mode converters are T = 2 mm, L 1 = 1.25 mm, L 2 = 43.9 mm, and T = 1 mm, L 1 = 3.8 mm, L 2 = 45.6 mm, respectively. Fig. 7 demonstrates the performance of both mode converters. It is obvious that the proposed THS mode converter has a better performance than the full septum mode converter.
As the wave propagates through the THS mode converter, the lower edge of centrally placed triangular half septum makes the electric field terminated to the ground, and continuously tapered half septum converts the TM 01 mode to TE 11X mode smoothly. Fig. 8 shows this conversion for apertures AA , BB , CC , and DD depicted in Fig. 6(b) . The field distributions on the apertures demonstrate how the TM 01 mode in the aperture AA is converted to the TE 11X mode in the aperture DD . One of the advantages of metallic septum based mode converters is that the TE 11Y mode passes through the septum without the conversion to the other modes due to its perpendicular electric field to the septum. Fig. 9 shows the transmission efficiency of getting an output TE 11Y mode when the TE 11Y mode is excited for designed full septum and THS mode converters with the parameter values above. As shown, the proposed THS mode converter gives a better performance in this regard. The proposed THS mode converter can be modified to provide higher conversion efficiency or higher bandwidth. Fig. 10 proposes two modified THS mode converters for the peak conversion efficiency and bandwidth improvement. Inserting two rectangular ridges at both sides of the THS mode converter along the septum as shown in Fig. 10(a) results in a higher conversion efficiency due to helping with field distribution. Furthermore, optimum radially stubs at the upper wall of the waveguide in THS mode converter as depicted in Fig. 10(b) improve the operational bandwidth significantly.
The parameters of the proposed mode converters are optimized, and the optimum parameters are listed in Table 3 for THS (case #7) and modified THS (cases #8 and #9) mode converters. Fig. 11 shows different mode conversion for the mode converters listed in Table 3 . As shown, the modified THS mode converters presented as cases #8 and #9 improve the peak conversion efficiency and the operational bandwidth, respectively. The peak conversion efficiency of the case #8 is 99.8% at 10.45 GHz. This high conversion efficiency is due to adding two ridges on both sides of the THS mode converters which could suppress the reflection/transmission TM 01 mode at input/output as demonstrated in Fig. 11 . For the modified THS mode converter (case #9), although compared to the THS mode converter (case #7), its peak conversion efficiency decreases from 96.6% to 94%, its bandwidth increases from 11.7% to 17% (9.4 GHz to 11.15 GHz). The enhanced bandwidth is mainly due to lower reflection TE 11 mode and transmission TM 01 mode at the edges of the frequency bandwidth as displayed in Fig. 11 . For the modified THS mode converters, the transmission efficiency of getting TE 11Y mode VOLUME 7, 2019 when the TE 11Y mode is excited is more than 99.8% which shows this mode can pass through the structures without the conversions to the other modes.
C. MODE CONVERTERS USING INTERMEDIATE MODES
Many mode converters utilize intermediate modes such as the TEM mode for the TM 01 -TE 11 mode conversion to improve the peak conversion efficiency or the operational bandwidth. Working with the TEM mode is simple and one can easily analyze it. In [27] and [28] , TEM-TE 11 mode converters were presented. By using a transition, they can be designed as TM 01 -TE 11 mode converters. Fig . 12 shows the configuration of the proposed TM 01 -TE 11 mode converter (case #10). It consists of two metallic cones at both sides, a cylindrical center conductor, and four metallic plates. The cylindrical conductor section provides TEM mode in the waveguide. This section is called coaxial waveguide. Two metallic cones at the input and output sections are important since the cone at the input convert the TM 01 mode to TEM mode and the cone at the output convert TEM mode to TE 11 mode (by making 180 • phase difference in the electric field between the top and bottom of the cylinder) efficiently. During the length of L 1 , the coaxial waveguide is divided to three sections by three metallic plates; two 90 • sector waveguides at the top (positive X direction), and one 180 • sector waveguide at the bottom (negative X direction). An optimum length of L 1 that could create a phase difference of 180 • between the 90 • and 180 • sector waveguides is the main parameter of the design since it helps to convert the quasi TEM mode of the coaxial waveguide to a TE 11 mode by the help of the metallic cone at the output. The small metal plate with the length of L 2 as shown in Fig. 12 is a matching plate and increases the efficiency.
The optimum design parameter of the mode converter for the center frequency of 10 GHz is given in Table 4 . Fig. 13 shows difference mode conversions of the mode converter designed with the parameter listed in Table 4 . A maximum conversion efficiency of 93.3% and a bandwidth of 12.4% over 9.45-10.7 GHz have been achieved. Table 4 (case #10).
Fabricating such mode converters using conventional methods is very difficult and expensive. But, realizing them with 3D printer makes it easy, light weight and cost-effective.
III. 3D PRINTING PROCESS
3D printing has recognized to be a very efficient solution for low-cost high-resolution RF/microwave circuit patterning with a wide diversity of printable materials. It also allows having more flexibility in designing complex structures with almost no restriction which results in an optimal design. The mode converters' structures proposed in this paper are very hard to realize using conventional methods. However, using 3D printing technology, the structures are easily realizable.
In our work, for the printing process, a Mark Two 3D printer from Markforged [29] was used which works based on the Fused Deposition Modeling (FDM) technique. The resolution capability of 3D printer is 100 micrometer. Besides the material, there are factors such as the type of the filling and the nozzle temperature that affect the electrical characteristic of the printed material. Therefore, the characterization methods are required to measure the permittivity and loss tangent of the printed material. A Nylon filament was used to print the circular waveguide and all mode converters. The Nylon was printed with the rectangular filling of 100% density, and the layer height of 0.1 mm. Although increasing the temperature of the nozzle increases layer-tolayer adhesion, it eventually comes at the cost of lower print quality. Therefore, an optimum nozzle temperature is need. The nozzle temperature in this work for printing the Nylon is 275 • C.
The accurate dielectric characterization of 3D-printed materials is necessary to simulate, design, and fabricate the devices accurately. In our work, the permittivity and loss tangent of the printed Nylon were extracted using two WR90 waveguides. The 3D printed Nylon was put in the middle of two back-to-back WR90 waveguides. Comparing the measured S-parameters and phase responses of the setup with/without the 3D printed Nylon with simulation ones, we extracted the permittivity and loss tangent of the 3D printed Nylon which are 2.8 and 0.03 respectively. We used Nylon due to availability of the material and 3D printer. Obviously low loss materials and advanced 3D printing technologies can be implemented in the industrial scale production.
The fabrication processes were done in two steps for implementing the proposed mode converters and waveguides. First, we printed them all with Nylon. Second, we coated the conductor sections with conductive ink and silver epoxy. The non-ideal conductor coating adds some degrees of losses to the mode converters. To avoid this conductor loss in production, one may use industrial metallization process. 
IV. MEASUREMENT RESULTS
To measure the mode converters in the lack of HPM sources which make a radially TM 01 mode, we need to design a feed that could generate this mode. The output mode of the feed, which feeds the mode converters, should be a pure TM 01 mode in order for the mode converters to work appropriately. The monocone structures offer a wideband response for this transduction [30] . The feed, in this case, converts the TEM mode of the coaxial cable to the TM 01 mode over a wide bandwidth. Fig. 15(a) shows the designed TM 01 feed which is fed by a coaxial cable. The dimensions of the feed are optimized to provide a wide bandwidth over the band of interest. The inner and outer radii of the coaxial cable are respectively 0.55 mm and 1.2 mm in the design. The designed feed depicted in Fig. 15(a) was 3D printed and coated by conductive ink. Fig. 15(b) shows the simulated and measured results of the designed TEM-TM 01 feed. As demonstrated, the simulated responses for two-port excitation (S 1:TEM,1:TEM and S 2:TM 01 ,1:TEM ) show an excellent conversion from the coaxial TEM mode to the TM 01 mode over 9-12 GHz. But, to be able to measure the performance, a small flare-angle conical horn was joined at the output port of the feed as a perfect match from the feed to free space. Then, the reflection coefficient of the feed is measured. The corresponding simulated and measured s-parameters for this case, which are in agreement, are also presented in Fig. 15(b) .
Measuring the mode conversion of the mode converters is very difficult, experimentally. Usually it is verified by measuring the far-field radiation patterns [24] . We used the designed TM 01 mode feed at the input port of the 3D printed VOLUME 7, 2019 FIGURE 16. Radiation patterns of the feed without/with proposed mode converters of cases #3 and #6 at the center frequency of 10 GHz. mode converters of cases #3, #6, #7, and #10, and measured their corresponding radiation patterns in an anechoic chamber. As shown in Fig. 16 , the TM 01 mode feed has a null at the broadside with an amplitude around -20 dB. Also, for dielectric-loaded mode converters of cases #3 and #6, a maximum at the center frequency of 10 GHz is detected at the broadside, as presented in Fig. 16 , which indicates the characteristics of the TE 11 mode. Fig. 17 also shows that a constructive radiation pattern is achieved for mode converters of cases #7 and #10 which demonstrates that the input TM 01 mode is successfully converted to the TE 11 mode at the output with a high efficiency.
In design of mode converters, there is a trade-off between the length and bandwidth. Wang et al. [31] achieved a miniaturized TM 01 -TE 11 mode converter using photonic crystal. But, the fractional bandwidth of their design is narrow. A comparison between some works in literature and the proposed TM 01 -TE 11 mode converters is performed and summarized in Table 5 . As shown, compared to the reported TM 01 -TE 11 mode converters listed, the proposed mode converters have wider bandwidth with reasonable length. In [12] , a TM 01 -TE 11 mode converter with wide bandwidth is designed which is comparable to this work. However, added arms to the circular waveguide increases the dimensions of the structure significantly.
V. CONCLUSION
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